The persistent growth of interest in the middle infrared (MIR) is stimulating the development of sources and components. Novel waveguides and fibers for the efficient use of nonlinear effects in the MIR are being intensively studied. Highly nonlinear silica fibers have enabled record performances of highly versatile parametric processes in the telecommunication band. However, no waveguiding platforms (to our knowledge) have yet solved the trade-off among high nonlinearity, low propagation losses and dispersion in the MIR. As single waveguide designs have not yet hit this particular optimal point, only pulsed-pumped demonstrations have been carried out, hindering any application requiring narrow linewidth, continuous-wave (c.w.) operation, or signal modulation. Here, we show MIR c.w. parametric amplification in a Ge 10 As 22 Se 68 tapered fiber. Leveraging state-of-the-art fabrication techniques, we use a photonic crystal fiber (PCF) geometry combining high nonlinearity and low dispersion, while maintaining single mode and low losses in the short-wave IR and MIR. We experimentally demonstrate 5 dB signal amplification and 3 dB idler conversion efficiency using only 125 mW of pump in the 2 μm wavelength range. Our result is not only the first c.w. parametric amplification measured at 2 μm in any waveguide, but it also establishes GeAsSe PCF tapers as the most promising all-fibered, high-efficiency parametric converter for advanced applications in the MIR.
INTRODUCTION
The control of nonlinear processes in waveguides has long been a fruitful research area. In recent years, following the rapid progress of components and sources for the middle infrared (MIR), there has been increasing interest in the development of nonlinear waveguides and fibers for this specific spectral band. Parametric processes such as wavelength conversion and amplification based on four-wave mixing (FWM) are extremely versatile and useful. Compared with other MIR light generation/amplification techniques, parametric conversion in waveguides offers a compact, widely tunable, highly efficient solution operating at room temperature [1] [2] [3] . The efficiency of parametric processes depends on phase matching, the nonlinear strength, and losses. Waveguides have thus to be engineered taking into consideration material, geometry, and maturity of fabrication technology. Design requirements become even more stringent for continuous-wave (c.w.) pumping, which cannot benefit from the high peak powers of the pulsed regime and can result in thermal-related damages if the absorption is too high. Nevertheless, this regime is crucial for applications requiring c.w. light, narrow linewidth, or signal modulation, such as precise spectroscopy [4] , free-space communication [5] , and remote sensing [6] .
Various nonlinear MIR platforms for parametric processes at 2 μm have been proposed in recent years, taking advantage of diode-pumped thulium or holmium doped silica fiber laser [7, 8] . To reference their efficiency as a guideline for platform selection, we show in Table 1 the figure of merit (FOM) defined as the ratio of nonlinear coefficient γ to attenuation coefficient α [18] . Ideally this FOM should be as large as possible, highlighting the strong nonlinearity and low loss behavior of the nonlinear platform. Silica highly nonlinear fibers exhibit high absorption beyond 2 μm and a low γ, so their performance is poor in the MIR. Materials possessing both high nonlinear refractive indices (n 2 ) and good MIR transparency include soft glasses (tellurite and chalcogenide glasses) and silicon. Currently, platforms with the highest γ, such as silicon or As 2 S 3 waveguides and chalcogenide step index tapers, exhibit high propagation losses. They are due to either sidewall scattering/surface smoothness and multiphonon absorption [1, 12] or absorption in the polymer coating [14, 19] , significantly impacting their FOM. Soft glass suspended core fibers (SCFs) with low loss have been fabricated in recent years [16, 20, 21] . Due to the large refractive index difference, such SCFs are highly multimode, which both limits the amount of power effectively coupled to the fundamental mode and affects the phase matching condition of the parametric process [20] . The large air holes also allow an extended contact area with the atmosphere, such that strong water absorption and crystallization were found to severely degrade their nonlinear optical performance [22] . Photonic crystal fiber (PCF) structures are more promising thanks to possible single-mode behavior over a large wavelength span, better uniformity, and immunity to the environment [17] , which allow very low propagation losses.
The strong normal material dispersion of chalcogenides, however, represents a major hurdle often translating into a trade-off among dispersion, losses, and multimode features. Here we overcome this trade-off by dispersion engineering a GeAsSe fiber through the combination of microstructuring and tapering. Chalcogenide PCFs for the MIR have been demonstrated previously, mostly targeting supercontinuum generation from pulsed pumps. Those PCFs typically have relatively large cores (around 10 μm), in order to reach light generation in the MIR. They leverage the inherently strong material nonlinearity of chalcogenides and are pumped deeper in the MIR to overcome the material dispersion barrier, while at the same time reducing losses. The tapering of step index fibers to increase nonlinearity while shaping dispersion has also been demonstrated. The zero-dispersion wavelength (ZDW) of such nanowires was successfully shifted to the thulium/holmium emission band (near 2 μm). However, the high core/cladding index contrast forces the fiber core to be tapered to a submicrometer diameter for single-mode pumping [23] . Nanowires are therefore coated with polymers to both give the necessary mechanical strength to the taper and compensate for the strong material dispersion [14, 19] , resulting in extremely high losses limiting the waveguide's effective length. Once again, only low-duty-cycle/high-peak-power pulsed sources were able to achieve amplification in this platform. A tapered chalcogenide PCF geometry was proposed in Ref. [24] for wavelength conversion in the telecom band. The main purpose was to increase the nonlinear parameter such that the resulting dispersion remained highly normal, leading to a very narrow conversion bandwidth, while the high losses at 1550 nm resulted in a low conversion efficiency (CE) of −30 dB.
In this work, we combine in a single fiber design all the necessary parameters for efficient c.w. parametric conversion, leading to a highly nonlinear platform that maintains single mode and low losses around 2 μm. In particular, we exploit the endlessly singlemode behavior dictated by the PCF structure [25] to maximize the coupled power on the fundamental mode and reduce modal interference. Moreover, light is confined to a structure entirely made of chalcogenide, which has reduced air interfaces and is unaffected by the polymer coating, leading to extremely low losses of 0.5 dB/m at 2 μm. The optimization of the design is reflected in its FOM. Finally, we leverage the degrees of freedom given by the PCF, tailoring the final core size and pitch-to-diameter ratio, to blueshift the ZDW in the neighborhood of the pump wavelength. This allows us to increase the interaction length while preserving a wide parametric bandwidth: we measure amplification over more than 10 nm at 1950 nm and a 3 dB conversion bandwidth of close to 20 nm at 2040 nm.
FIBER DESIGN AND FABRICATION
One of our design targets is to overcome the strong material dispersion of chalcogenide glass, which has a ZDW beyond 5 μm, while maintaining low losses and single mode. The ZDW of a PCF is highly dependent on the diameter-to-pitch ratio (ρ) [25] . For a given solid core diameter (ϕ), a large ρ value blueshifts the ZDW but also enhances the multimode behavior and fabrication difficulty of the fiber. Within the fabrication limits (ρ < 0.6) of GeAsSe PCF, solely varying ρ does not allow for a sufficient shift of the ZDW toward the 2 μm thulium/holmium band. Additional reduction of the core size is necessary to strengthen the waveguide dispersion. Tapering is an efficient way to reduce the fiber waist size to values not easily accessible with direct fabrication [ Fig. 1(a) ] while maintaining the initial ratio. The designed fiber was thus fabricated via a two-step method. First, a GeAsSe PCF featuring three rings of holes aiming at ρ ≈ 0.6 and ϕ s ≈ 4 μm was fabricated [ Fig. 1(b) ]. This combination of material and geometry was selected for three reasons, mainly related to fabrication: (1) the small initial core facilitates the tapering step, (2) GeAsSe allows for the reduction of the core size without excess loss, and (3) it has a lower material dispersion with respect to AsSe compounds [26] . The central part of the fiber was then tapered to achieve a core diameter of about ϕ t 1.5 μm [ Fig. 1(c) ] and length l ≈ 1 m, between two transition regions of length l t ≈ 1.5 cm.
The fabrication starts from a previously synthesized highly purified Ge 10 As 22 Se 68 bulk glass. The glass has an optical loss of 0.6 dB/m measured at 1.55 μm. Part of the GeAsSe glass was then molded to fabricate a preform with three hexagonal rings of air holes [27] . The preform was drawn into a cane with a 4 mm diameter. This cane was then inserted into an As 2 Se 3 tube, and the whole tube assembly was drawn into a PCF with an outer diameter of approximately 130 μm and a core size of about 4 μm. The pitch distance, Λ, was measured to be approximately 2.88 μm, and the air hole diameter was 1.69 μm, leading to a diameter-to-pitch ratio of 0.58. The propagation loss of the PCF was measured to be 0.65 dB/m at 1.55 μm from a cutback experiment with 2.5 m of the fabricated PCF. Using a segment of this PCF, several tapered fibers with a length ranging from 0.7 m to 1 m were then fabricated on the drawing tower at a temperature of around 270°C. Longer fibers with low loss and high uniformity are still challenging to obtain.
EXPERIMENTAL SETUP
The all-fibered FWM setup is detailed in Fig. 2 . The 2 μm pump and signal lasers used in this experiment are custom built Tm-doped fiber lasers [9] . The pump wavelength was selected discretely with various fiber Bragg gratings, while the signal wavelength was selected by a tunable bandpass grating filter with a 1 nm linewidth. Both configurations were checked using a photodetector to confirm the absence of pulsing operation. We measured the pump laser linewidth to be less than 0.08 nm at 1950 nm, limited by the resolution of our optical spectrum analyzer (OSA). The output from the pump and signal lasers was combined by a 95/5 fiber coupler, designed for operating at 2 μm, and then sent through a circulator to prevent backreflection. A fibered polarization beam splitter was mounted after the circulator with one arm connected to a polarization-maintaining (PM) lensed fiber for coupling into the PCF. The other arm was used for power monitoring. We collected the output from the chalcogenide fiber by using another PM lensed fiber, subsequently sent to the OSA (Yokogawa AQ 6375). A total insertion loss of 8.5 dB was measured at 1950 nm, where approximately 4.5 dB was the total coupling loss, 3.4 dB from the transition regions and 0.6 dB from the propagation loss (α) through a tapered region length of 1.2 m.
We used an interferometric method [9] to characterize the dispersion of the untapered PCF. However, the phase delay contribution from the untapered and transition sections hinders this technique from directly yielding a reliable dispersion measurement of the tapered PCF. The FWM process, at the basis of parametric amplification and frequency conversion, can also be used to retrieve the dispersion, giving a good indication of the fiber uniformity, suppression of the higher-order modes, and strength of the birefringence in the tapered region.
EXPERIMENTAL RESULTS AND ANALYSIS
We first used the commercial finite element method software COMSOL to simulate the PCF's propagation constant and numerically derive the group velocity dispersion (GVD). The simulation indicates that the fiber is slightly multimode at 2 μm. However, the effective index of higher-order modes is very close to the effective index of the cladding. Thus, due to the large wave vector mismatch between the fundamental and high-order modes, in practice, only the fundamental mode is excited [28] . To confirm the simulated GVD and effective single-mode behavior, we measured the dispersion of the untapered 4 μm core PCF using a white light interferometric technique. Excellent agreement with theory, as can be seen in Fig. 3(a) , indicates the accuracy of our model, effective single-mode operation, and quality of the fiber. As expected, the dispersion is strongly normal at 2 μm, with a ZDW located near 2.9 μm. From this model, further simulations were performed to determine the target waist core size, resulting in ϕ t 1.5 μm. The simulated dispersion of the tapered fiber is shown in Fig. 3(a) , with the shaded area representing possible birefringence and other fabrication imperfections leading to a 2% of ρ fluctuation over the ∼1 m tapered region. The ZDW of the tapered PCF is expected to be between 2.1 and 2.2 μm, depending on the input laser polarization and fabricated ratio.
The parametric behavior of the tapered fiber was studied by FWM using a c.w. pump together with a c.w. signal. To reduce the impact of other nonlinear effects, all characterizations were performed at a low pump power level (<20 mW at the fiber waist). The idler waves show well-defined phase matching features, confirming the uniformity, single-mode nature, and low loss of the taper [see Fig. 3(b) ]. The nonlinear Schrodinger equation was then used to fit the CE data to retrieve the fiber parameters:
In the above equation, Az; t is the electric field amplitude, β 2 is the GVD, and α is the linear propagation loss. We consider Az; t as an ideal single-wavelength laser, such that the fitting can be used to corroborate the c.w. operation of the fiber lasers. The nonlinear coefficient γ of the tapered PCF was retrieved to be γ ≈ 10 W −1 m −1 , in agreement with the value calculated using the measured n 2 from our previous work [17] and the effective area A eff simulated with COMSOL. The tolerance of this fitting was set to 0.05 nm, i.e., the resolution of the OSA. The contribution of parametric conversion in the untapered region of the input side was also added in the simulated result of the tapered fibers. Since the 1.5 cm taper transition regions are significantly shorter than the taper length, we neglected their contribution during the simulation. The larger effective area and the shorter length of the untapered sections result in a slight rise in the magnitude of the CE minima, without changing their positions. We extracted the dispersion parameter β 2 of the waist region for pump wavelengths at 1950, 1980, 2008, and 2040 nm, while the signal was tuned over 100 nm in the 2 μm range. We also characterized different tapered fibers, with waist lengths ranging from 0.8 to Fig. 3(a) ]. An example of FWM spectra and relative theoretical fit for a 2040 nm pump with 13 mW of coupled pump power and approximately 1 mW of coupled signal power is shown in Fig. 3(b) .
We also experimentally investigated the fiber birefringence. An ideal hexagonal PCF is not birefringent [29] ; however, the symmetry of real PCF is always broken due to fabrication imperfections. Slight variations in the cladding air hole size lead to different diameter-to-pitch ratios depending on the input light polarization. We checked the fiber birefringence experimentally at 2040 nm by rotating the angle of input PM lensed fiber. The recorded FWM spectra were converted as CE versus signal detuning curves. We found the effective fast and slow axes of this fiber, shown in Fig. 3(c) , which clearly show the fiber is birefringent. This polarization-dependent dispersion corresponds to the fluctuation of ρ between 0.58 and 0.585, further proving the good uniformity of the tapered PCF. The difference in CE is due to a 2 dB lower coupling efficiency on polarization 1.
The combination of high γ and long effective length leads to the amplification of the laser amplified spontaneous emission, as depicted in Fig. 4(a) for a 1950 nm pump. Phase matching features emerge from the OSA noise floor with increasing pump power. With only 125 mW pump coupled power, signal amplification and cascaded FWM up to 3 orders were observed while maintaining the initial linewidth of the signal and on the corresponding idler of approximately 0.3 nm.
The CE is plotted in Fig. 4(b) as a function of idler wavelength for 125 mW coupled pump at 1950 nm, while the on/off amplification on the signal for different coupled pump powers is plotted in Fig. 4(c) . Operation above transparency is observed near the pump with a −20 dB bandwidth of 15 nm, while we recorded close to 5 dB of signal amplification. In Fig. 4(c) , a reduction of the amplification bandwidth can be seen with increasing pump power. This behavior is due to the nonlinear contribution to the phase mismatch, as the pump is located in the normal dispersion regime. To quantify the effect of nonlinear phase contribution, and for comparison with theory, we also plotted the theoretical position of the first dip as a function of the pump power [inset of Fig. 4(c)] . A perfect matching with the theory indicates a good estimation of linear and nonlinear phase mismatch and confirms no change in the fiber geometry even at the highest pump power.
The input-output characteristics of the tapered fiber pumped at 1950 nm were further examined with a signal at 1952 nm. The CE as a function of pump power is plotted in Fig. 5(a) . The fitted experimental data exhibit a slope of approximately 1.8 with no onset of saturation. In the undepleted pump approximation, we expect a quadratic relation between pump and idler. This small discrepancy in our experiment comes from the cascaded FWM [shown in Fig. 4(a) ] when the idler acts as a pump and is depleted due to the high power of the pump, which now acts as the signal. It is also worth noting that our results establish the excellent power handling of the chalcogenide fiber in the MIR. For almost 20 years, the c.w. power handling of chalcogenide fibers has been an important concern. It was believed that intensities were limited to the order of kW∕cm 2 [30, 31] , greatly hindering the potential of this extremely nonlinear and high-viscosity [31] MIR glass material. Recently, based on the parameters provided in Ref. [32] , a step-indexed As 2 S 3 fiber tested with a thulium-doped fiber laser at 1.97 μm was found to handle 5.6 MW∕cm 2 . Here we confirm this finding with an even higher laser intensity of at least 6.62 MW∕cm 2 (for the 125 mW power). Also, shown in Fig. 5(a) is the relationship between input and output pump power, as monitored on the OSA: the linear fit indicates constant fiber losses and stable coupling.
To further confirm that no irreversible structural damage was induced during the experiments, the fiber was recharacterized right after the highest employed power (125 mW), with 3 mW of coupled pump. The parametric behavior of the fiber remained identical, as seen in Fig. 5(b) , while no structural or loss changes were observed.
To check the repeatability of the results, we characterized two additional tapered PCFs with identical geometry (length of 0.8 and 1.2 m). All three tapers reported here were fabricated from the same fiber spool and have similar linear transmission loss (<0.2 dB difference). Since the length of the three tapers differs slightly, CE over length squared is plotted as a function of coupled pump power in Fig. 5(c) . CE transparency and signal amplification were observed in all tapers, even at different pump wavelengths, confirming the repeatability of the experiment and of the taper features. The slight discrepancies are due to small loss variations in the taper transition region. To reach higher amplification values, the pump power was increased, leading to fiber damage. The damage is not due to power handling limitations, but rather to a fiber fuse from a localized defect, likely caused by microbending or local damage during the polymer coating process. (See Supplement 1.) It should be noted that fiber fuse has been observed in silica fibers for the same order of power densities (the MW∕cm 2 range).
CONCLUSIONS
In summary, we presented wavelength conversion above transparency and parametric amplification at 2 μm using low c.w. pumping power and relatively short fibers. The engineered GeAsSe PCF taper combines in a single design low dispersion (ZDW near 2.1 μm), a high γ of 10 W −1 m −1 , single-mode behavior, and low loss of 0.5 dB/m. We measured up to 5 dB of amplification with only 125 mW of power inside the waist region. The samples show excellent power handling capabilities, answering persistent doubts about c.w. operation in chalcogenide fibers. Moreover, they can be spliced with silica fibers [32] , enabling compatibility with current fiber-based devices and reducing coupling losses. However, proper handling and protection of such fibers, especially from water absorption, is important to guarantee good aging performance [33] . Improvement in fabrication techniques, longer fiber, and a better polymer protection layer process (see Supplement 1) will lead to better CE and signal amplification. The wavelength-dependent loss of GeAsSe [33] shows absolutely no obstacles to pumping at the ZDW or slightly in the anomalous regime, which would further increase CE and bandwidth. We believe that these results pave the way for fully fibered optical processing devices based on parametric processes for the MIR range operating on low c.w. power. 
